Abstract-Two major wireless communication evolutions, the fifth generation (5G) mobile systems and machine-to-machine (M2M) communication boom, are imminent. A major 5G challenge is supplying the higher than ever data rate and traffic demands using the already crunched conventional spectrum, where the expected addition of billions of new M2M connections will worsen the situation. Millimetre wave (mm-wave) band offers one substantial solution, through the utilization of parts of its vast frequency range. Following a general overview and the theoretical background, this paper provides the first realistic channel capacity and bit rate analyses in the literature for the 60 gigahertz (GHz) and low-terahertz bands, and compares those with the sub 6 GHz band links from the perspective of Internet of Things (IoT) application deployments. It is found that, considering the network densification intrinsic to the M2M communications, the use of the mm-wave band is a viable method to form stable and high performance links which are capable of supporting advanced IoT services.
Internet of Things (IoT) applications would benefit greatly from the extensive unused bandwidth within the millimetre wave (mm-wave) frequencies, which extend from 30 to 300 GHz. Ratifications of initial 60 GHz industrial, scientific and medical (ISM) band standards are complete: The IEEE 802.11ad is the WLAN [3] , and the IEEE 802.15.3c and ECMA-387 are the wireless personal area network (WPAN) standards [4] . The other mm-wave spectrum considered for utilization is the low end of the terahertz (THz) band. WPAN standardization activities are ongoing under the IEEE 802. 15 THz Interest Group since 2008, and Task Group 3d since 2014.
To support our efficacy claim of mm-wave band for IoT applications, the line-of-sight (LoS) performances of two mmwave communication links at separate spectrum are compared with mobile and wireless communication connections at legacy bands from channel capacity and bit rate perspectives. Theory behind the simulations are described in Section II, and results are presented together with discussions in Section III, before the paper concludes. To the best of authors' knowledge, this is the first study that comparatively analyses the channel capacity and bit rate of 60 GHz and low-THz band links using formally approved models and in a setting meaningful for IoT services.
II. CHANNEL CAPACITY AND BIT RATE SIMULATIONS
The mobile channel is implemented according to the indoor hotspot deployment scenario from the International Mobile Telecommunications-Advanced (IMT-Advanced) evaluation guidelines [5] . Simulation bandwidth is 40 megahertz (MHz), assigned between 3410 and 3450 MHz in line with [6] . IEEE 802.11ac is chosen for wireless links. The largest defined channel is 160 MHz wide; yet, due to the respective transmit spectrum mask, 158 MHz is utilized in calculations from 5171 to 5329 MHz [7] .
The first IEEE 802.11ad channel, centred at 58.32 GHz is realized for one of the mm-wave links. Again, as per the transmit spectrum mask, operation bandwidth is 1.88 GHz rather than the whole 2.16 GHz channel spacing. Finally, lowTHz band is modelled as the other mm-wave communication alternative. Since finalized regulations are unavailable, the first transmission window between 275 and 311.178 GHz, which covers 36.178 GHz of bandwidth, is used, as explained in [8] .
The designated bandlimited communication channels in all instances are assumed to experience white Gaussian noise. As 978-1-5090-0366-2/15/$31.00 ©2015 IEEE a result, the channel capacities C in bits per second (b/s) are calculated using Shannon's famous formula
where B is the band of the channel in hertz (Hz), P r is the received power in watts (W) and N 0 /2 is the noise power spectral density (PSD) in W/Hz. In order to present an entirely capacity evaluation, all transmissions are assumed to occur in single input single output systems, without considering the multiple input multiple output device availability for the conventional bands. Moreover, calculations are performed under standard ground-level atmospheric conditions [9] and only white thermal noise is incorporated into the noise PSD. Frequency selectivity is inherent in radio communications, and mm-wave with its ample spectrum is no exception [10] . Therefore, to compute the accurate capacities, channel bandwidths are divided into 1 MHz blocks in all cases and the channels are assumed to be time-invariant and flat fading. With equal power allocated to each subchannel, the channel capacity then becomes
where P t is the transmitted power in W, and A(f i , d) is the channel path loss for a distance of d metres (m) and the centre frequency of the subchannel f i in Hz [11] . Path losses are computed according to the respective recommendations of the standards, except for the low-THz band where it is calculated as the sum of the free-space path loss (FSPL) and atmospheric attenuation [12] . IEEE 802.11ac instructs only FSPL [13] , and the path loss models for the realized 4G [5] and IEEE 802.11ad LoS living room [14] scenarios are as follows in decibels (dB) PL 4G = 32.8 + 20 log 10 (f i /10 9 ) + 16.9 log 10 (d),
PL 802.11ad = 32.5 + 20 log 10 (f i /10 9 ) + 20 log 10 (d).
Furthermore, bit rate calculations are based on the probability of a symbol error. Consistent with the IEEE 802.11ad standard [3] , binary phase-shift keying (BPSK), quadrature PSK (QPSK), 16-ary quadrature amplitude modulation (16-QAM) and 64-QAM modulations are simulated on all wireless links. A subchannel is only utilized if the attained average signal-to-noise ratio (SNR) per symbol γ s is greater than the necessary γ s for a particular symbol error ratio (SER) of a modulation type. Then, the bit rate R in b/s is computed by
where M is the number of signal waveforms of a modulation method [15] .
III. RESULTS AND DISCUSSION

A. Channel Capacity
In Fig.1 , the changes in channel capacity of all the communication links with respect to the transmission distance for a transmitter (TX) power of 24 dBm, which is selected according to [5] , are presented. Path length is limited to 100 m considering small cell networks. Being directly proportional to the available bandwidth, as evident from (2), channel capacities are ordered correspondingly. However, the capacity decline rate also increases with carrier frequency. When the capacities are proportioned by the channel bandwidths, IMTAdvanced becomes the best performing communication mode. The difference between any two links also monotonically increases with path length too. For example, while the unit channel capacity of IMT-Advanced is 1.332 times of the lowTHz band at the first simulation iteration of 1 mm distance, this value increases to 3.843 at 100 m. These quantities also change from 1.024 to 1.187 and 1.189 to 2.01 for IMT-Advanced compared to IEEE 802.11ac and IEEE 802.11ad, respectively. Fig.2 illustrates the effect of transmitted power on the channel capacity over all four communication channels at distances of 0.1, 1, 10 and 100 m. Axis limits are set to the same values in both subfigures for easier assessment. While the capacity of the longer distance mm-wave band connections appear to deteriorate more rapidly with decreasing output power than their legacy band counterparts, that is not the case. In fact, the channel capacities decline linearly with the transmit power in dBm, barring the 100 m low-THz band link. Moreover, the differences between the extrema of the channel capacities are nearly constant for each band, irrespective of the path lengths. This situation also holds for the low-THz band, except for the part of the 100 m link where transmitted powers are lower than approximately 10 dBm. Taking into account the subsequent decrease in the channel capacity decline rate, that point indicates the beginning of the negative SNR values. Fig.3 and 4 demonstrate the achievable data rates in relation to the distance for the modulation techniques listed in Section II and SERs of 10 -3 , 10 -4 , 10 -5 and 10 -6 . Transmitted power is set at 12 dBm owing to the specifications of a commercially Due to the number of simulations, IEEE 802.11ad and lowTHz band curves are plotted separately in Fig.3 and Fig.4 , respectively. Like the lower frequencies, γ s of the 60 GHz connection is always above the QPSK modulation with 10 -6 SER threshold of 13.79 dB for the distances spanned. However, this behavior ends with the 16-QAM. Same modulation techniques with different SERs are bundled up to the path length where the γ s limit for the 10 -6 SER is reached. Then, the packs branch out in ascending SER order, and shortly become unable to support the modulation-SER group. In Table I , the distances where each remaining modulation-SER pair start to descend from the theoretical bit rate boundary are given.
B. Bit Rate
The limiting path lengths are around 85 and 40 m for the 16-and 64-QAM IEEE 802.11ad connections, and in the region of 50, 35, 13 and 8 m for the BPSK, QPSK, 16-QAM and 64-QAM modulated low-THz band links, respectively. The corresponding peak data rates, which are 7.52, 11.28, 36.178, 72.356, 144.712 and 217.068 Gb/s, are one or two orders of magnitude greater than the sub 6 GHz bands. We showed that, device availability, transmission range and communication protocol are not problems for the 60 GHz ISM band, and the research on the low-THz band are continuing [17] - [19] . The excessive number of soon anticipated M2M connections will also greatly increase the LoS coverage area for the IoT applications, making the mm-wave links even more feasible.
IV. CONCLUSION
Channel capacity and attainable data rates are examined in this paper for four different legacy and mm-wave band links, using a simulation environment significant for the IoT applications. Lower frequency bands are more efficient in terms of channel capacity, which increases with transmission distance too. However, the amounts are incomparable to the effect of the vast spectrum available within the mm-wave band. Path length boundaries for maximum bit rate also decrease as the carrier frequency or modulation technique increases; though, the calculated distances are still useful for IoT services. For these reasons, mm-wave band is not just an option, but a performance improving enabling technology for the IoT. Low-THz, QPSK, 10 -6
